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ABSTRACT 


Mass aggregations and migrations of millipedes 
despite numerous attempts to find causes for their 
occurrences are still an enigma. They have been 
reported from both southern and northern 
hemisphere countries, from highlands and lowlands 
of both tropical and temperate regions and they can 
involve species belonging to the orders Julida and 
Spirobolida, Polydesmida and Glomerida. According 
to the main suggestions put forward in the past, 
mass occurrences in Diplopoda occur: (1) because 
of a lack of food and a population increase beyond 
sustainable levels; (2) for the purpose of 
reproduction and in order to locate suitable 
oviposition sites; (3) to find overwintering or 
aestivation sites; (4) because of habitat disruption 
and changes in the local environment; (5) as a 
consequence of weather conditions the year (or 
winter and spring) before. A recent outbreak 
(November 2014) of a mass migration of the 
polydesmid Chamberlinius hualienensis Wang 1956 
on the Japanese Izu Island of Hachijojima 300 km to 
the south of Tokyo gave this author an opportunity to 
review the existing literature on millipede mass 
migrations and to carry out additional observations 
on the phenomenon in the field as well as the 
laboratory. Hitherto unreported heavy infestations 
with phoretic deutonymphs of the mite Histiostoma 
sp. as well as dense populations of internal rhabditid 
nematodes (Oscheius cf. necromena and an 
unidentified species of the genus Fictor), suggest 
that infestations of this kind could be necromenic 
and either have been a contributing factor for the 
mass migration or been a consequence of so many 
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individuals occurring together at close proximity. It is 
concluded that mass migrations and aggregations in 
millipedes do not have one common cause, but 
represent phenomena that often are seasonally 
recurring events and appear identical in their 
outcome, but which have evolved as responses to 
different causes in different millipede taxa and 
therefore need to be examined on a case-to-case 
basis. 
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INTRODUCTION 


Mass aggregations of millipedes are not a recent phenomenon 
(Hopkin & Read, 1992). They have in fact been reported as far 
back as 1878 (Tömösváry, 1878 cited in Voigtlander, 2005; 
Paszlavszky 1879) and possibly even earlier (Verhulst, 1845 
cited in Zimmermann, 2013). They are known from countries of 
the southern hemisphere (Australia: Baker, 1978; Anonymous, 
2013; Brazil: Boccardo et al, 1997, 2002; Fontanetti et al, 2010; 
South Africa: Lawrence, 1952; Robinson, 2005; Madagascar: 
Wesener & Schutte, 2010) and have been reported from 
numerous countries in the northern hemisphere, e.g., the USA 
(Brooks, 1919; Cook, 1924; Morse, 1903; Viosca, 1925), the 
UK (Chater, 2004; Ormerod, 1890; Scott, 1958a, b), France 
(Sahli, 1996;Verhoeff, 1900), Germany (reviewed by Voigtlander, 
2005), Poland (reviewed by Kania & Tracz, 2005), Austria 
(Anonymous, 2006; Thaler, 1989; Zimmermann, 2013), 
Hungary (Korsds, 1998; Paszlavszky, 1879), Romania 





Received: 20 January 2015; Accepted: 15 March 2015 
“Corresponding Author, E-mail: vomeyrow@gmail.com 


Zoological Research 36(1): 119-132, 2015 119 


(Témésvary, 1878; Ceuca, 1984, cited in Voigtlander, 2005), 
Northern Yugoslavia (Ćurić & Makarov, 1995), Latvia (Becker, 
1929), Norway (Meidell & Simonsen, 1985), Sweden (Lindgren, 
1942) and Japan (Esaki, 1934; Niijima, 1998; Niijima & 
Shinohara, 1988). 

Outbreaks have occurred in tropical climates like those of 
India (Mitra, 1976) and Brazil (Fontanetti et al, 2010), as well 
as in temperate and even Nordic climes, e.g. Norway 
(Meidell & Simonsen, 1985) and Sweden (Lindgren, 1942). 
Millipede mass aggregations are known from low altitude 
regions (Ehrnsberger, 2002), but equally so from 
mountainous or hilly areas, e.g., Japan (Hagiwara & 
Kuwabara, 2008; Niijima & Shinohara, 1988), Switzerland 
(Anonymous, 2011) and Austria (see first paragraph). 
Although in most of the above-mentioned cases certain 
species, e.g., Ommatoiulus sabulosus in Europe and the 
Parafontaria laminata group in Japan were over-represented, 
numerous other species were sometimes found to be 
involved and a list of millipedes in relation to their 
geographic distribution demonstrates the spread of taxa in 
connection with the phenomenon of mass migrations. 

Juliformia and spirobolid species are the most important and 
common ones in connection with millipede mass aggregations. 
Voigtlander (2005) lists Ommatoiulus sabulosus (L), 
Cylindroiulus caeruleocinctus (Wood), Julus  scandinavius 
(Latzel), J. scanicus (Lohmander) and Ophyiulus pilosus 
(Newport) as species known from mass occurrences in 
Germany and in addition Megaphyllum projectum kochi 
(Verhoeff), M. unilineatum (C.L. Koch), J. terrestris (Porat), 
Tachypodoiulus niger (Leach), Unciger foetidus (C.L. Koch) and 
Cylindroiulus londinensis (Leach) as species elsewhere in 
Europe linked to mass aggregations. 

The spirobolid Strongylosoma stigmatosum (Eichwald) has 
been reported by Ceuca (1984) from Romania, while Parajulus 
pennsylvanicus was reported from New England by Morse 
(1903). Streptogonopus phipsoni (Pockcok) and Gymnostreptus 
pyrrhocephalus (C.L. Koch) are mentioned by Bellairs et al 
(1967) and Lawrence (1952) in connection with mass 
aggregations in India and South Africa, respectively. The Iberian 
species Ommatoiulus moreleti (Lucas) has been known to 
swarm in South and West Australia (Anonymous, 2013; 
Mckillup et al, 1988), while Urostreptus atrobrunneus (Pierozzi 
& Fontanetti) is known from Brazilian aggregations (Fontanetti 
et al, 2010), Spirostreptus sp. from outbreaks in New Mexico 
(Cook, 1924; Thuringer, 1924) and Spirobolus marginatus (Say) 
from a mass occurrence in the New Orleans area near Lake 
Ponchartrain (Viosca, 1925). 

Certain species belonging to the polydesmid group of 
millipedes are also known to swarm and to form mass 
aggregations, e.g., according to Esaki (1934) Brachydesmus 
superus (Latzel) in England, Fontaria virginiensis (Gray) and F. 
brunnea (Bollman) in the USA. Robinson (2005) furthermore 
mentions Pseudopolydesmus serratus (Say) from Ohio and 
Bellairs et al (1967) report swarming in Streptogonopus 
phipsoni (Pocock), while in Central Japan according to Niijima 
and Shinohara (1988) various subspecies of the Parafontaria 
laminata group have repeatedly been involved. The Taiwanese 
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polydesmid Chamberlinius hualienensis (Wang, 1956) is not 
known to swarm in Taiwan, but in some places of Japan, 
notably the island of Hachijojima (Fujiyama et al, 2012 and this 
paper) this invasive species does and it then forms huge 
clusters of several thousands of individuals. 

Glomerids are the last group of the Diplopoda known to 
possess species with a propensity to migrate and to form mass 
aggregations. From Poland mass occurrences of Glomeris 
hexasticha (Brandt) and from Madagascar those of 
Zoosphaerium neptunus (Butler) have been reported by Kania 
& Tracz (2005) and Wesener & Schiitte (2010), respectively. 
One Australian bristle millipede, the polyxenid Unixenus 
mjoebergi (Verhoeff) is credited by Robinson (2005), who, 
however, uses the incorrect name U. nijobergi, to migrate after 
rainfall according to Koch (1985). 

Numerous attempts have been made to find an explanation, 
i.e., causes and reasons, for the various mass migrations and 
aggregations amongst millipedes. And the most common 
suggestions, here briefly summarized on the basis of the works 
of Brade-Birks (1922), Cloudsley-Thompson (1949) and the 
publications mentioned above, are (a) population increases that 
lead to a lack of and consequently search for food; (b) 
migrations linked to reproduction and attempts to find 
oviposition sites; (c) the search of animals to locate suitable 
places to spend the winter or to aestivate during the summer; (d) 
a need to find wetter or drier habitats, in other words responses 
to adverse environmental conditions; (e) past weather 
conditions like mild previous winters in combination with warm 
springs. Attempts to correlate mass migrations with habitat 
changes, communal protection against predation, soil 
conditions and dominating plant communities have also been 
made. 

However, as will be shown point by point in the Discussion, 
there is not a single suggestion, which is applicable to all of the 
observed mass migrations and aggregations amongst 
millipedes. In some instances the phenomenon occurs in 
predictable cycles and at identical seasons year after year, but 
in others there is no apparent repetitiveness at all and the 
phenomenon may occur in areas it has never been seen before 
and is never seen thereafter again. Given this state of affairs, 
the recent mass migration of the polydesmid Chamberlinius 
hualienensis on the island of Hachijojima provided an 
opportunity to test some of the suggestions that had earlier 
been offered as likely explanations for millipede mass 
occurrences. 

The polydesmid Chamberlinius hualinenensis is a 
herbivorous species native to Taiwan (Wang, 1956). In 
Japan it was first noticed in the autumn of 1983 on the 
island of Okinawa. From there it reached the major 
Japanese island of Kyushu in 1999 and soon thereafter 
Honshu, causing minor outbreaks of mass swarming in the 
years 2009 and 2012 (Fujiyama et al, 2012). The exact date 
that the species arrived on the small Izu Island of 
Hachijojima, 300 km to the south of Tokyo, is not known, but 
the year 2002 is often mentioned by the locals as the first 
time they noticed this millipede. 

As an invasive and alien species on the subtropical island of 


Hachijojima with its lack of predators, populations of the species 
increased rapidly and the locals noticed year after year greater 
and greater numbers of this millipede and increasingly more 
substantial mass migrations principally between the months of 
October to early December. In the autumn of 2014 the largest 
mass occurrence of Chamberlinius hualienensis to date was 
seen on the island. It is that event which formed the basis for 
the investigations reported in this paper. 


MATERIAL AND METHODS 


On two sites, located at approx. N33°05’ and E139°47’ on 
the West Coast of the southern half of the Izu island 
Hachijojima 300 km to the South of Tokyo in the Pacific 
(Figure 1), mass aggregations of the introduced herbivorous 
Taiwanese polydesmid millipede Chamberlinius hualienensis 
Wang 1956 were observed and studied between 15-11-2014 
and 24-12-2014. 


Facing west to southwest, Site | consisted of a curved approx. 


4 m high vertical wall made of concrete with rough surface 
texture and some parts painted dark brownred and others left 
cream-colored. The wall marked the entrance to a covered 
freeway viaduct. Parts of the viaduct support structure facing 
north and east and painted entirely brownred were also 
monitored, but not designated as separate sites on account of 
their close proximities to one another. 

Site Il, ca. 800 m to the south of Site | and facing north, 
consisted of an approx. 8 m high vertical cream-coloured 
concrete, 5.5 mx4.5 m wide support pylon with rough surface 
texture, on which the motorway rested. The two sites were 
accessible on foot via an old disused and overgrown narrow 
road that ran in a north-south direction more or less parallel to 
the freeway which was opened to traffic in the year 2000. 
Alongside the small road, there was a steep drop towards the 
oceanside to the West and a steep rise towards the island’s 
interior mountains on the East. The slopes on either side of the 
road were thickly covered by green vegetation that consisted of 
a rich variety of mixed shrubs, bamboo, native and introduced 
trees, vines and weeds. Decaying leaf and other plant matter 
was plentiful and present all over the ground, the latter being 
basically volcanic in origin. 

Daily climatic conditions for the period of observation 
with information on precipitation, temperatures and 
humidity were available from the website of the Japanese 
Meteorological Agency (2014, http: //www.data.jma.go.jp). 
To check the genders of the individuals in the 
aggregations or in the migrating swarms, specimens were 
collected in the field during the day (ca. 1400h) and at 
night (ca. 2000h) and examined under a binocular 
microscope at x20 magnification in the lab. Mites and 
nematodes, collected from male as well as female 
specimens, were preserved in 70% ethanol and sent to 
labs outside Hachijojima (see acknowledgments) for 
further processing. Observations on biorhythmicity and 
photoreception were carried out in temperature and 
humidity controlled climate chambers of the institute set 
at 20 °C and 75% relative humidity. 


RESULTS 


Weather conditions immediately prior to and during the 
outbreak 

The weather pattern for the month of November prior to when 
the mass occurrence of Chamberlinius hualienensis was first 
noticed on November 15" did not exhibit any unusual or 
extreme feature except for a very heavy downpour on the 5" 
with 104 mm recorded for that day alone. However, heavy 
showers are not rare on Hachijojima, which has an annual 
precipitation in access of 3 000 mm. On the 11" of November 
rainfall also exceeded 35 mm, but did not reach the level of 
November 5”. Nighttime temperature on the two days before 
the November 5" downpour had dropped from the more usual 
18 °C to 15.8 °C on November 3" and 13.8 °C on November 4”. 
Thereafter nighttime temperatures averaged again 17.8 °C until 
November 13", when they dropped to 13.4 °C and remained 
around 12-13 °C for the next 10 days after which they climbed 
again to an average of 15 °C until December 15t, Then, however, 
day and nighttime temperatures fell rapidly reaching a minimum 
of 6.2 °C and 4.1 °C on December 18". Towards December 24", 
however, the day all observations ended, temperatures rose 
again by 3-5 °C. Heavy rainfall in December occurred only on 
days 1, 4 and 11. 

Average relative humidity throughout the 2-week period prior 
to the start of the recognition of the outbreak on November 15" 
was always at least 70% and following rainy days even higher 
than 90%. A sudden drop to 58% occurred during the sunny 
spell from November 13" to November 16". The remainder of 
November exhibited no unusual features with an average 
relative humidity of 80%, plenty of scattered rain, some sunny 
periods and gradually lower day and nighttime temperatures, 
which by early December reached 12 °C and 7 °C, respectively. 
The weather remained like this until virtually all millipedes, 
except for a handful of five or six isolated, but still living, 
stragglers had disappeared from the walls by December 24th. 

Prior to November 13" between November 4"- 6" and 11" - 
13" there had been very strong winds from the north, east and 
south with gusts in excess of 10 m/sec. The two weeks 
thereafter winds eased and, averaging 4 m/sec over this period, 
first changed to blow from the west for a week and thereafter 
mostly from the southeast and occasionally from the northern 
but not western directions. Westerly winds occurred again on 
December 1° and continued to be dominant for the entire 
month of December. 


Migratory activities and densities of Chamberlinius 
hualienensis individuals 

Irrespective as to whether they were exposed to bright 
sunshine (Site |) or were in the shade almost all day (Site Il), 
dense clusters of individuals were present on all of the walls 
monitored (Figure 2-4). It made apparently not much of a 
difference whether the walls were facing the west, southwest, 
east or north and whether they were lighter or darker in colour. 
At the height of the mass occurrence between November 15"— 
18" it was estimated that at Site |, there would be up to approx. 
15 000 individuals/m? (on the basis of counts of 400-600 
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individuals/20 cm?) on the cream-coloured wall facing west as 
well as the brownred wall facing east. The area occupied by 
clusters of millipedes on these walls reached from the ground to 
more than 3 m above and horizontally to between 3 and 4 m. 

A rough estimate of the total number of millipedes gathered 
together just on the walls alone was 100 000. An equal or even 
larger number is thought to have perished, forming a layer on 
the ground several cm thick (Figure 5) and emitting a smell 
described by some pedestrians as that of burning plastic. 
Adding the number of individuals of Site II (see next paragraph) 
and considering the new daily arrivals at both sites, the total 
number of millipedes that had come together at both sites could 
easily have been a million or more. 

Site Il, covered by the bridge overhead and mostly shadowed, 
also possessed an appreciable number of individuals, but 
distributed over a larger area they did not quite reach the 
densities seen at Site I. During the week in which winds from 
the west were absent (November 17'"-25") densities on the wall 
of Site | facing north increased significantly at the expense of 
the areas facing east, west and southwest. At the same time 
clusters at Site Il thinned, but had re-grouped about 6 m above 
the ground. The snails present on these walls prior to the arrival 
of the millipedes stayed and apparently neither disturbed the 
millipedes nor suffered any harm from them. 

It was obvious that the millipedes were able to ascend the 
vertical walls at any place, but that they preferentially used 
cracks or lines were slabs of concrete had been joined together. 
Small depressions, holes and crevices in the concrete seemed 
particularly attractive to them. Although many individuals in 
these clusters of animals that were moving around and climbed 
over others that were resting, were frequently paired (Figure 6) 
or even occurring as triplets with three individuals on top of 
each other (Figure 7), the majority were seemingly intent on 
being passive. At night, however, the situation was different. 
Approximately 15 minutes after sunset almost all of the animals, 
whether paired or not, became active. The huge aggregations 
broke up with smaller ones remaining, but the majority of the 
animals crawling around on the vertical wall did so apparently in 
no particular direction. At dawn the familiar aggregations of 
thousands of individuals were present again. 

What was noticeable almost exclusively at night, were 
individuals that crawled from the surrounding bush along the old 
disused and overgrown road towards the aggregation Sites | 
and Il. As if pulled by a magnet those as far away as approx. 
400 m to the south of Site | approached that latter site and 
migrated upward in a northerly direction, but those further away 
and within 400 m of Site Il migrated southward and down the 
sloping road toward their specific aggregation site. At night the 
road was teeming with crawling millipedes, seemingly single- 
mindedly heading into one direction only (either north or south) 
and following a route leading them to their respective 
aggregation sites. 

Mechanically removed from their path by a metre or so, the 
displaced millipede returned to where their conspecifics were 
crawling. Using only one side of the road they did not swerve or 
take a detour when they encountered an obstacle in the form of 
a shallow puddle left over from a recent shower, but proceeded 
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to crawl across it, even if in the process some drowned. In 
times of heavy rain, however, no migrations at all occurred. 
Illumination at night did not stop them, but some individuals did 
sometimes hesitate before continuing to crawl and some even 
tried to go around an approx 15 cm wide patch illuminated by 
the bright white light of a handheld torch. 

The path to Site Il was particularly intriguing, because in 
order to reach that site the millipedes first had to crawl 
downward for about 100 m from the somewhat brighter area 
into the darkness of the underside of the freeway viaduct and 
then upward again for the remaining 50 m in order to reach the 
concrete support pylon which they ascended to form clusters, 
even at a height of 6 m. Following the road to the pylon, the 
millipedes first had to head south, then for a few metres turn 
west and then approach their goal in a southwesterly to 
southern direction. 

Speeds of around 1.6 cm/sec were recorded, which suggests 
that these millipedes can travel approx. 1 km per night. In case 
they hadn’t reached their destination by dawn, they sought 
shelter under stones along the roadside. When there were 
cockroaches under the stones, the millipedes frequently caused 
the latter to abandon their shelter or to aggregate in corners the 
millipedes could not or did not want to reach. 

An unexpected “two-way-traffic’, resembling that which is 
often seen in ants, with slightly more millipedes heading 
downward and away from the aggregation Site | than towards it 
and thereby passing the new arrivals, was observed after a 
small rise in nighttime temperatures from an earlier 12 °C to 
around 15 °C on the nights of November 23 — 26" (Figure 8). 
On which day these “return migrations” ceased was not 
recorded, but on November 27" only a small number of animals 
were still arriving, and both Sites | and II were far less 
populated with few individuals still clinging to the wall and its 
crevices. None were seen any longer heading in the opposite 
direction despite a relatively warm nighttime temperature of 14 °C. 
Given the huge number of animals that over at least 2 weeks 
had formed the massive aggregations described above, the 
total number of individuals that had headed back can only have 
been a trickle. The vast majority of the millipedes that had come 
together at Sites | and II perished there. And yet, that over 
several nights some animals returned at all is remarkable and 
so far has not been reported from any other millipede species. 

From November 29" and during the first week of December 
with prevailing westerly winds of approx 7 m/sec streams of 
millipedes, mostly from the northern wall of Site |, where there 
was still a very substantial cluster, were heading to the opposite 
side of the freeway. They got there by first crawling up to the 
ceiling of the covered viaduct and then, upside down, crossing 
the freeway along 4 m above the traffic with some falling down 
onto the road, but most reaching the other side. On the other 
side of the freeway they again formed aggregations, but 
preferentially on the northern side of a pylon (Figure 9). 

In early December furthermore smaller clusters of around 
600-1 000 individuals became established approximately 500 m 
to the North of Site | along the banister on the opposite side of 
the freeway above concrete support pylons 14 m off the ground. 
On December 6" walls of Site | facing west, southwest and east 


were nearly deserted with just a few isolated clusters of around 
50 or so individuals hanging on, but a considerable number still 
present on the northern side and its flat horizontal top. Wall 
areas vacated by the millipedes once again became a habitat 
for geckos that hadn’t been seen there during the times of 
millipede mass aggregation, but were present there on 
December 11" and 18". 

Since hardly any millipedes were seen to migrate from Site | 
to the new clusters that had formed along the freeway’s 
banister ca. 400 m away and since the new clusters developed 
only on the banister above support pylons and inside holes and 
depressions nearby (Figures 10,11), the most likely way the 
millipedes could have got there was by ascending the 14 m 
high concrete support pylons on which the freeway rested at 
that point. A height like this climbed by millipedes would 
represent a new record. 


Sizes and gender distributions 

A total of 1, 645 adult C. hualienensis were sexed on 6 separate 
days in November. When samples taken during the day from 
Site | aggregations above 1 m were compared with those taken 
below 1 m the ratios between females and males were 240:205 
and 148:137 on November 16". For Site Il the corresponding 
figures obtained on November 20" were 158:135 and 171:107. 
Under wet and drizzly conditions on November 22" the 


female/male ratio at night of animals approaching Site II was 20: 


4 with many individuals (not sexed) lying immobile and 
presumed dead in puddles. 

The ratio between females and males migrating at night on 
November 26" to Sites | and II were 59:46 and 63:58, respectively. 
On the same day in bright sunshine at a temperature of 23 °C and 
moderately strong southerly wind (4.3 m/sec) some millipedes 
were seen to migrate towards the northern wall of Site |. The 
female/male ratio in these individuals was 17 : 18. 

On November 23” when millipedes at night were moving 
away from their aggregation sites passing others that were still 
arriving, female/male ratios of the departing and arriving 
animals at Site | were 14:10 and 9:4, respectively. At Site II 
only individuals still arriving and none leaving were seen and 
their female/male ratio was 11:11. 

Total length measurements were carried out on 20 adult 


males and females pooled from both sites and killed by freezing. 


Length measurements on individuals preserved in this way are 
likely to deviate slightly from measurements of live and crawling 
individuals, which is why statistical analyses with standard 
deviations were considered meaningless in connection with the 
data. Unrolling the thawed and curled up corpses yielded 
average lengths of males and females of 35.6 mm (range 34-41 
mm) and 36 mm (range 35-41 mm). Males were found to be 
slimmer, often softer and more frequently less opaque due to an 
empty digestive tube than the females. 


Biorhythmicity and responses to light 

There were always some individual C. hualienensis that were 
not at rest, but moving around on the aggregations that had 
formed on the walls of Sites | and II, even if exposed to bright 
midday sunshine. However, individuals migrating to or away 


from the aggregation sites were almost exclusively seen at 
night. Individuals hiding motionlessly under a stone or log 
during the day immediately became active as their shelters 
were taken away, while those that were on the move at night 
would sometimes stop or even deviate from the direction they 
were heading into when struck by the beam of some bright 
white torchlight. 

When 40 individuals collected during the day at 1430h were 
divided into two groups of 20 and at 1500h individuals of one 
were put into a rectangular transparent plastic terrarium 
measuring 13 cmx15 cmx20 cm that contained shelters for 
the millipedes, while those of the other group were put into 
an identical terrarium at the same time, but in a darkroom 
with temperature and humidity as in the first group, 
individuals of the first group immediately found and rested 
in the hiding places, not appearing again until 15 minutes 
after sunset. They were then dispersing and freely crawling 
around the terrarium until dawn. 

The animals that were placed into the darkroom, however, 
were active and moving around when briefly checked at 1600h 
and 1700h. The next morning at 0900h some 5 or 6 were still 
out in the open and crawling around, while the remainder were 
resting. Over the next three days the darkroom group settled to 
a biorhythm that saw them resting for most of the day, but 
starting their activity earlier than group one, which waited until 
sunset and it was getting dark. When they were then 
illuminated during the night they speedily sought shelters and 
waited in them motionlessly until the light was switched off 
again. Ten minutes later they were then crawling around again 
in the open as before. 


Observations on interactions with other species of 
animals 

When live C. hualienensis male as well as female individuals 
were placed in mild soapy water, hundreds of tiny nematodes, 
no longer than maximally 0.75 mm long and 0.01 mm thick 
appeared. Almost certainly residing inside (and not on) the 
millipedes, the nematodes were identified as members of the 
Rhabditida group. Light (Figure 12) and scanning electron 
micrographs (Figure 13) were taken of individuals that were 
sent in 70% ethanol to Prof. T. Hariyama’s lab of Hamamatsu 
Medical University and then further processed by Dr. Takaku 
according to a method recently described (Takaku et al, 2013). 
Specimens were also sent to Dr. Lynn Carta of the USDA-ARS 
Nematology Laboratory in the U.S., who confirmed that the 
nematodes were rhabditids and on the basis of ribosomal DNA 
markers could be identified as two species, namely Oscheius cf. 
necromena and a member of the genus Fictor. Their presence 
suggests that infestations of this kind could be necromenic and 
either have been an additional cause for the mass migration or 
been a consequence of so many individuals occurring together 
at close proximity. When and how they could have colonized 
individuals of C. hualienensis and to what extent they affected 
their host’s behaviour is not known, but members of the 
Rhabditida are known from other arthropods and also occur in 
decaying matter, where they feed on bacteria and other 
microorganisms. 
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Figure 1 Area of mass outbreak (Seen from the west with freeway viaduct in the centre and mountains on the far side (to the east) of the road; 
the tunnel entrance is to the left) 

Figure 2 Masses of the polydesmid millipede C. hualienensis on their way to aggregation Site 1 

Figure 3 Clusters of C. hualienensis indiviuduals on the north-facing side of a wall, apparently making use of cracks and slight depres- 
sions between the blocks of concrete 

Figure 4 Up to approximately 15 000 individuals/m” were assembled at the aggregation sites 

Figure 5 Thousands more on the ground are forming many centimetre-thick layers of exhausted and dying individuals 

Figure 6 Paired individuals were a common sight during the aggregation phase 

Figure 7 Sometimes triplet individuals were seen amongst the clustered animals 
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23,000 Vace=1.00kKV WD=7.9mm __Vacuum=9. 6E-5Pa 





Figure 8 Two-way traffic with individuals from the right (arriving) and left (departing) passing each other 
Figure 9 With winds predominantly from the west, dense aggregations began to form on the northern side and on top of the wall 


Figure 10 Cracks and depressions gave the millipedes some protection against the wind and rain (here the word ‘yoko’ in the wall fac- 
ing east) 


Figure 11 Any hole or depression in the concrete serves the millipedes to hang on (here the word ‘ma’) 
Figure 12 Light micrograph of rhabditid nematode from C. hualienensis (taken by Y. Takaku) 
Figure 13 Scanning electron micrograph of rhabditid nematode from C. hualienensis (taken by Y.Takaku) 


Figure 14 Light micrograph of deutonymph of Histiostoma sp. from the body of migratory C. hualienensis (prepared by H. Schikora) 
Figure 15 During mild rain unidentified terrestrial snails were feeding on corpses of C. hualienensis. 
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On the outer surfaces of C. hualienensis numerous 
individuals of loosely attached tiny mites, no bigger than 
0.3.mm, were present (Figure 14). They were identified by Dr. 
M. Farfan of the University of Illinois at Chicago as 
deutonymphs most likely belonging to the genus Histiostoma 
and almost certainly phoretic rather than parasitic. As with the 
nematodes when and how the mites ‘boarded’ the millipedes 
and what effect, if any, they had on their host is still unknown. 

Macroscopically no animals other than some inactive, 
presumably hibernating snails were observed amongst the 
mass aggregations. Once a bright green approximately 5 mm 
long caterpillar was seen crawling on a cluster of C. 
hualienensis, but an attempt to capture it failed as it dropped 
and disappeared amongst multiple layers of dead millipedes on 
the ground. Nearby on the wall, but obviously not at all 
interested in the millipedes were occasionally some geckos 
(Gekko hokouensis Pope) and praying mantises. Under stones 
in close proximity with the millipedes were cockroaches 
(Opisthoplatia orientalis Burmeister) of both genders and at 
various stages in their life cycle. It was obvious, however, that 
cockroaches and sheltering millipedes avoided each other. 

No animal was ever seen to feed on this readily available prey, 
but millipedes drowned in the rain were approached by large 
terrestrial snails and partially consumed by them (Figure 15). 


DISCUSSION 


The polydesmid Chamberlinius hualienensis is not the only 
species of millipede in Japan involved in swarming and forming 
mass aggregations. Various subspecies of the polydesmid 
Parafontaria laminata in the mountainous regions of Honshu at 
altitudes of around 1 000 m have had numerous outbreaks, 
listed by year, place and dominant local flora by Niijima & 
Shinohara (1988). Apart from the nuisance that so many 
animals create by invading dwellings and because of their 
unpleasant odour, they can also disrupt road and rail traffic as 
was first reported for Japan by Esaki (1934) after Verhoeff 
(1900) had already described a similar occurrence for France, 
albeit not of a migrating polydesmid but a iulid species of 
millipede. Members of the Julidae, so prominent in European 
outbreaks, do not feature in Japanese millipede mass 
aggregations, but apart from the polydesmid taxa mentioned 
above one other polydesmid family, namely the 
Strongylosomatidae may contain species in Japan that 
sometimes swarm (Esaki, 1934). 


Possible reasons for swarming and mass aggregations 
Comparison between Parafontaria laminata and Chamberlinius 
hualienensis 

Clues as to why and when the two main migratory species 
groups in Japan swarm could possibly be gleaned from a 
comparison of the biologies of P. laminata and C. hualienensis, 
in the local vernacular known as ‘kishayasude and 
‘yangbarutosakayasude’, respectively. According to Fujiyama et 
al (2012) the temperate and sub-Arctic P. laminata has an 8- 
year cycle with single age groups per year and moults occurring 
once every 12 months. The tropical C. hualienensis, however, 


126 www.zoores.ac.cn 


develops much faster and its immature individuals moult 
monthly. While P. laminata with an optimal temperature range of 
10-20 °C and able to survive subzero temperatures has a 
narrow food spectrum and occurs predominantly in the forests 
of hilly or mountainous areas, C. hualienensis dies below 0 °C, 
is most active between 20-30 °C, has a wide food spectrum and 
inhabits a range of habitats including forests and cultivated 
fields of both hilly and lowland areas. 

What the two taxa have in common in addition to their rather 
similar size and appearance are their dietary requirements of 
decaying plant matter and the number of eggs per cluster. 
However, while in their lifetime P. laminata females lay their 
300-600 eggs within one month, which then enter a period of 
dormancy, C. hualienensis females mate numerous times over 
a period of four months and lay their eggs not all at once. 
Moreover, neither their eggs nor any of their larval stages enter 
a dormancy period. Higa et al (1992) have counted 70 clusters 
of 300-600 eggs laid by 100 C. hualienensis pairs over a period 
of 4 months, but how many eggs one female lays over its 
lifetime is not known. In P. laminata adults and a small number 
of sub-adults make up the migratory swarms, which occur 
mostly in September and October and occasionally even earlier 
(Nijima & Shinohara 1988), but in C. hualienensis the 
swarming period lasts mostly from early October to early 
December and overwhelmingly consists of adult individuals 
(Fujiyama et al, 2012). 


Population pressure and lack of food 
The question as to what triggers the migrations, not only of 
polydesmids in Japan, but millipedes in general, has led to a 
number of suggestions that will be examined one by one. Lack 
of food and a population increase beyond sustainable levels 
have frequently been mentioned and given the often 
staggeringly large numbers of millipedes involved in the 
aggregations seems a reasonable suggestion and could 
perhaps be a contributing factor in some species and situations, 
e.g., the enormous initial population increases affecting non- 
native, i.e., invasive species during the first few years after their 
arrival at a new location as witnessed by the Portuguese O. 
moreleti in Australia. The species C. hualienensis on 
Hachijojima island may still be in that initial unchecked 
population growth phase given that (a) natural predators like 
toads and some millipede-consuming birds are absent from the 
island and (b) millipedes generally excrete defensive cyanide 
derivatives, one of which in C. hualienensis has been identified 
as the toxic substance mandelonitrite (Noguchi et al, 1997). 
However, visual inspection of the areas in which the outbreak 
of C. hualienensis occurred showed an abundance of rotting 
and decaying plant matter providing ample food to millipede 
populations far greater than those seemingly occurring in the 
area. Although correlations between millipede mass outbreaks 
have been sought with dominant plant species of the areas in 
which outbreaks occurred (Niijima & Shinohara 1988; Kania & 
Tracz, 2005; Voigtlander, 2005), or soil types and habitat 
characteristics (Barlow, 1957; Helb, 1975; Tajovsky, 1993; 
Voigtlander, 2011; Zimmermann, 2013) or co-inhabiting soil 
invertebrates (Niijima, 1998), such correlations did not turn out 


very convincing and certainly do not apply to the euryoecious C. 
hualienensis and its mass outbreaks on Hachijojima island. 
Incidentally, a correlation between outbreaks and soil pH 
changes was rejected by Haacker (1968). 

It was suggested by Shintaro Yamashita (pers. comm..) that 
millipedes choose concrete roads and walls to crawl on, 
because they could obtain calcium from there. Although the 
cuticle of millipedes is indeed calcium-rich (Enghoff et al, 2014), 
it is unlikely that they gather together for the purpose of calcium 
uptake, for aggregations have also been reported from tree 
trunks and other surfaces that contain no or little calcium. 
Moreover, millipedes frequently move along the rails of railway 
tracks (Verhoeff, 1900; Esaki, 1934), which contain no calcium 
at all, but allow millipedes to move along unimpededly. 

A study of thermal preferences by Boccardo & Penteado 
(1995a) has led to the speculation that concrete and asphalt 
roads are preferred as migratory paths, because they retain 
heat. However, it is unlikely that this could be the main reason 
for the millipedes’ choice of their migratory route. However, 
once a route has become established, an olfactory trail may 
well guide additional individuals along. 


Reproduction and search for oviposition sites 
Reproduction and a search for suitable oviposition sites by 
females has frequently been suggested to explain swarming in 
millipedes, but it does not explain why non-reproductive sub- 
adults, although in considerably smaller numbers, frequently 
participate in the mass migrations. Although a high proportion of 
C. hualienensis individuals were paired at the aggregation sites, 
pairing and copulations could also be observed at other times of 
the year and locations far away from the aggregation sites, 
which suggests that pairing may not be a cause of the mass 
migration, but the latter can provide individuals with an 
opportunity to mate, because of the proximity of so many 
individuals at one place at the same time. As with C. hualienensis, 
a skewed sex ratio favouring females has also been reported 
from many other migratory species of millipedes (Kania & Tracz, 
2005), but according to Stojatowska (1968, cited in Kania & Tracz, 
2005) the ratio between male and females can vary over a period 
of several months, adding support to the notion of male 
periodomorphosis (Fairhurst, 1969; Sahli, 1985). 

Given the fact that males as well as females of all migratory 
millipedes appear to have a tendency of climbing upward and 
ascending walls as well as trees, it does not make much sense 
if they were in search of suitable oviposition sites, for eggs are 
usually laid into the soil and other humid habitats (Perttunen, 
1953). Therefore, we may have to reject the idea that millipedes 
primarily swarm in order to mate and that the females then 
search for places to lay their eggs in. 


Weather conditions and climatic factors 

The suggestion that the migrations are related to a search for 
overwintering niches stems from the fact that some species like, 
for instance, Parafontaria laminata and C. hualienensis migrate 
in autumn, but in Europe with its more severe winters most of 
the mass migrations have been reported from late spring and 
early summer, i.e., many months before the advent of winter. In 


addition, as with the hypothesized search for oviposition sites, 
climbing upwards and exposing themselves to the elements 
can hardly be interpreted as an optimal strategy to find 
hibernation shelters or, for that matter, to avoid desiccation and 
enter a state of aestivation during the summer months. 

Given that mass migratory outbreaks are not involving all 
populations of a given species, but are restricted to some, it 
seems that local weather conditions disrupting the habitat and 
environment in a particular area may play a role. Temperature 
extremes and heavy rains, for example, have frequently been 
noticed to precede an outbreak in both European spring 
migrations and Japanese autumn migrations. In the case of the 
Hachijojima outbreak of the C. hualienensis a very heavy 
downpour with 104 mm of rain in one day occurred on 
November 6" and could possibly have washed down from the 
hills huge numbers of millipedes that after cessation of the rains 
needed to climb to where they had been dislodged from. 
However, even that cannot be the full explanation, because 
swarms wandering towards Site II (the concrete support pylon 
of the viaduct) followed the path of a road that was leading 
down and not upward. Fleeing excessively wet areas so as not 
to be drowned and trying to reach drier ground has been 
suggested and could well be one reason, but seeing at least 
some C. hualienensis individuals wandering into shallow 
puddles and getting drowned does not tally with that idea. 
Neither does the fact that at least some species search for 
humid areas to lay their eggs in (Perttunen, 1953). 

It has also sometimes been suggested that the weather 
during the previous year and in particular a mild winter and a 
warm spring before an outbreak year could have been influential 
in leading to the outbreak. However, for the outbreak of C. 
hualienensis reported in this paper it is an unlikely explanation, 
since the weather records of the previous winter and spring did 
not exhibit any unusual features. Moreover, locals assert that C. 
hualienensis outbreaks appear to follow roughly a 4-year cycle. 
Other than the locals’ opinion, however, no hard evidence in 
support of a 4-year cycle of millipede outbreak on Hachijojima 
exist and in view of the monthly moults of immature individuals 
(Fujiyama et al, 2012) actually seems unlikely. 

Their extremely well developed clawed tarsi and obviously 
strong thigmotaxis allows many millipedes generally and C. 
hualienensis in particular to crawl upside down along rough 
surfaces even during strong wind. Strong wind, however, is 
likely to affect the place on the aggregation site where 
millipedes come to rest, but as the observations on C. 
hualienensis have shown, while the initially preferred walls were 
facing west and east at Site 1, the preferred side individuals 
chose at Site Il at the same time was north. The only clear 
evidence of a preferred side emerged towards late November 
and early December when winds blew mostly from the west and 
the remaining aggregation clusters had moved to vertical 
surfaces of concrete walls all facing north, away from the light, 
but surprisingly also away from the midday warmth. 


Behavioural reactions in particular in relation to light and 


darkness 
All species of millipedes, with few exceptions, avoid bright light 
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and usually occur in dark areas under the bark of trees, in the 
soil, under stones, amongst leaf litter and rotting vegetation, but 
there is some evidence that mass aggregations occur 
preferentially on lighter surfaces. Since aggregations of 
millipedes were indeed frequently reported to occur on white or 
at least not very dark surfaces (Voigtlander, 2005) and the fact 
that some migrations involving O. sabulosus occurred in bright 
sunlight (Dziadosz, 1966; Fairhurst, 1970; Verhoeff, 1900), has 
led some researchers to conclude that during their migrations 
millipedes became _ positively _phototactic. | However, 
contradictory observations, namely that migrating millipedes, 
including O. sabulosus, sought shelter during the day from the 
light and became active only at night also exist (Demange, 
1960). One question we therefore have to examine is whether 
millipedes can see at all. 

lulid and spirobolid species, as has been known for over a 
hundred years, (Graber, 1880; Grenacher, 1880) as well as 
spirostreptids (Blanke & Wesener, 2014), glomerids (Bedini, 
1970) and penicillate millipedes (Miller et al, 2007) possess 
eyes and undoubtedly can perceive differences in light intensity 
and perhaps even crude shapes (Nilsson & Kelber, 2007). An 
endogenous activity rhythm was reported in Gymnostreptus 
olivaceus (Schubart), but light as an exogenous synchronizer of 
the millipede’s nocturnal activity seemed insufficient to block the 
start of the biological clock (Boccardo & Penteado, 1995b). 
Observations on C. hualienesis gave a different result in that 
light clearly inhibited the animals (this paper); yet, polydesmids 
are all eyeless, in fact they are often called “blind” (e.g., 
Mesibov, 2014). Although that is clearly wrong, as already v. 
Rath (1890) has shown in Polydesmus complanatus (Latzel) 
and observations on C. hualienensis (this paper) have 
confirmed, the question arises how an eyeless polydesmid can 
detect light and use it as an exogenous synchronizer of its 
activities. 

The fact that individuals active at night almost immediately 
became immobile and sought shelters when light was shone on 
them and the fact that individuals continued to crawl around 
during the day when placed into a totally dark room 
demonstrates that eyeless polydesmids are not blind. Most 
likely intracerebral photoreceptors are responsible for the 
observed dark/light reactions, but candidates for receptors of 
this kind amongst Myriapoda have to date only been reported 
from the chilopod Lithobius forficatus L. by Jamault-Navarro 
(1992), various species of glomerids by Juberthie-Jupeau (1967) 
and the iulid millipede Cylindroiulus truncorum by Heithier & 
Melzer (2005). Polydesmid species have apparently not yet 
been studied with regard to intracerebral photoreceptors, but 
are expected to have them too, since these internal 
photoreceptive structures are also present in crustaceans 
(Bobkova et al, 2003), insects (Hariyama, 2000) and 
chelicerates (Spreitzer & Melzer, 2003) and, thus, seem an 
arthropod-wide trait. 

Female C. hualienensis outnumbered males by on average 
1.24: 1.0 when data were pooled. Under very wet conditions at 
night, however, females reached an even higher proportion. 
Since females individuals appear to be stronger than males and 
are also slightly larger, they are likely to be able to cope with 
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adverse weather conditions better than males. Given the long 
march that presumably both males and females have behind 
them when they arrive at the aggregation sites, some weaker 
males may have perished on the way and this could explain the 
preponderance of females. 


Commensals and parasites 

The large numbers of internal nematodes that were collected 
from males and females of C. hualienensis presumably resided 
in the posterior intestine as is the case in other diplopodes (e.g., 
Travassos & Kloss, 1961) or in the haemolymph as with spiders 
(Lewbart, 2006). The worms most likely belonged to the 
Diplogastridae (Fictor sp.) and Rhabditidae (Oscheius cf. 
necromena) line of the Rhabditida. Nematodes are frequent 
associates as commensals or parasites of arthropods (Kaya & 
Gaugler, 1993) and have been reported from numerous species 
of temperate (e.g., Bowie, 1985), tropical (Malysheva & Van Luc, 
2012; Malysheva & Spiridonov, 2013) and even desert 
millipedes (Upton et al, 1983). Some rhabditids like, for 
example, panagrolaimid nematodes in spiders are considered 
to be fatal to the infected individuals (Lewbart, 2006). In bark 
beetles of the family Ipidae it was shown by Yatsenkowsky 
(1924), cited in Grucmanova & Holusa (2013) that the worms 
can cause sterility, but an effect, if any, that these worms may 
have on the health and/or behaviour of C. hualienensis 
millipedes has yet to be demonstrated. It has, however, been 
reported by Schulte (1989) that the nematode Rhabditis 
necromena (=Oscheius necromena) negatively affects the 
invasive millipede Ommatoiulus moreleti in Australia and Kania 
& Tracz (2005) have reported 90% and 100% lethality of the 
millipede O. sabulosus when infected with nematodes of the 
species Heterorhabditis bacteriophora and Steinernema 
carpocapsae, respectively. 

Equally unknown is the effect another species associated 
with C. hualienensis might have, namely the deutonymphs of a 
mite representing a species of the genus Histiostoma. Phoretic 
mites, collectively known as myriapodophile Acari (Rosenberg, 
2009, p357) have been reported from various species of 
millipedes before (Farfan & Klompen, 2012), including 
polydesmids, but not from C. hualienensis. The question arises 
as to whether the nematodes and mites were introduced 
together with C. hualienensis from Taiwan to Japan or were 
acquired locally. If the latter is the case, one has to ask if all the 
millipedes at a time when their swarming phase commenced 
were already infected by nematodes and mites or whether the 
close proximity and bodily contacts between individuals in the 
aggregation clusters caused nematode and mite infestations to 
spread. A necromenic lifestyle in which an organism ascends a 
carrier and completes its development on the carrier’s cadavers 
is a possible scenario and known from some Histiostomatidae 
(Wirth, 2009). 

Parasites or commensals other than those mentioned above 
were not encountered, although millipedes generally possess a 
propensity towards internal microorganisms (Hopkin & Read, 
1992) and certain microorganisms like bacteria and yeasts 
actually assist the millipedes in the task of digesting cellulose 
and also themselves serve as food (Byzov, 2006). However, in 


another invasive species (the Portuguese Ommatoiulus 
moreleti), the native Australian nematode Rhabditis necromena 
Sudhaus and Schulte has been shown to be lethal to the 
invader because it introduces bacteria to which the millipede is 
not immune (Schulte, 1989). In Portugal itself, nematomorph 
worms of the genus Gordius are known to alter the behaviour of 
their hosts and were shown by Baker (1985) and Sahli (1986) 
to castrate males and to inhibit maturation of eggs in female O. 
moreleti individuals. 

Since parasites can cause behavioural changes in their hosts 
we can not totally rule out the possibility that parasite 
infestations are a factor in millipede outbreaks. According to 
Dobson (1988) it is in the interest of the parasite to have a high 
density of host individuals and therefore manipulations by 
parasites are greatest under conditions of low host 
population densities and smallest at high host population 
densities. Moreover, it is known that some parasites that 
cause infections often alter a natural negative phototaxis 
“such that infected individuals become indifferent or 
attracted to light, whereas uninfected ones are strongly 
repulsed by it” (Cézally et al, 2014). 


Reasons and means to control millipede outbreaks 

Often described as beneficial on account of their habits to 
recycle dead and decaying plant matter (Schmidt, 1952; 
Anonymous, 2010), millipedes can also damage healthy plants 
and crops (Hopkin & Read, 1992). More importantly they can 
contain various vectors of plant and animal diseases. For 
example, in the migratory European species O. sabulosus 
Kania & Klapeé (2012) found Citrobacter species, known to 
cause a wide spectrum of infections in humans and being 
associated with neonatal meningitis and brain abscesses. Other 
pathogenic bacteria from millipedes were Pantoea agglomerans 
that “can cause infections in children that involve the 
bloodstream”, Enterobacter that are “associated with wound, 
intra-abdominal, respiratory, urinary and blood stream infections 
representing an increasingly important nosocomial pathogen” 
and Raoultella planticola as well as Salmonella arizonae, two 
further species impacting on human health negatively (Kania & 
Klapeć, 2012). It is therefore important to understand the 
causes of the outbreaks of millipede mass migrations and to 
learn how such outbreaks can be controlled. However, what do 
we know so far? 

Millipedes, because of their defensive secretions of 
benzaldehyde and hydrogen cyanide derivatives, are preyed 
upon by only very few insect species (e.g., assassin bugs of the 
subfamily Ectrichodiinae and some firefly larvae: Ohba, 1997) 
and hardly any mammals, birds, reptiles, and amphibians; 
control by vertebrate animals is thus not an option. Therefore, a 
variety of methods (reviewed by, to name but a few, Hopkin & 
Read, 1992; Kania & Tracz, 2005; Zimmermann, 2013) and 
categorizable as chemical (e.g., pesticides and poisons), 
physical (e.g., mechanical barriers, traps, glue-strips and other 
obstacles) and biological (e.g., parasitoids, parasites and 
pathogens) have been tried with variable rates of success. 
Pyrethroid insecticides have been effective, but since these 
chemicals are toxic not only for millipedes, but also for most 


other animals, including beneficial species like honeybees, 
biological control methods have been looked into as 
alternatives (Kania & Tracz, 2005). Baker (1985) and Sahli 
(1986) recommended the nematomorph worm Gordius sp. and 
Baker (1985), additionally, listed the parasitoid fly Egina sp. as 
agents in the control of the invasive species O. moreleti in 
Australia. Promising results were also obtained with the native 
Australian nematode Rhabditis necromena (Schulte, 1989), 
which carries bacteria to which O. moreleti is not resistant. 
Kania & Tracz (2005) reported 90% and 100% lethality of the 
millipede O. sabulosus when infected with the nematodes of the 
species Heterorhabditis bacteriophora and Steinernema 
carpocapsae, respectively. 


CONCLUSION 

While the search for biological control agents seems to result in 
promising advances, the search for common causes of mass 
migrations and aggregations in millipedes as well as an answer 
to the question how these animals orientate and locate their 
aggregation sites has so far been less successful. For some 
species in which outbreaks occur at regular intervals related to 
the species’ life cycle, predictions of outbreak years and 
seasons are possible and alien, invasive species like O. 
moreleti in Australia and C. hualienensis on the island of 
Hachijojima, may exhibit population explosions in their new 
environment for some years following their arrival until a more 
balanced situation develops. 

Amongst insects numerous species are known, which 
possess sedentary and migratory morphs that may or may not 
alternate on a regular basis; the dominance or the prediction 
of one or the other morph’s occurrence is therefore often not 
at all possible (Roff & Fairbairn, 2007). What has come under 
scrutiny recently, however, is the genetic background for this 
form of polymorphism (Yang et al, 2014). It is thus at least 
thinkable that also in millipedes we could have two perhaps 
morphologically hard to distinguish but genetically non- 
identical morphs, one prone to migrate and the other to 
remain sedentary. It would certainly seem worthwhile to 
examine whether those specimens of C. hualienensis that 
migrate and those that stay behind differ in their gene 
expression profiles. 

There is, however, as this review has shown, not a single 
suggestion amongst those that have been made to explain the 
cause or causes of an outbreak and mass migration in the past, 
which does not have its counter argument. Echoing Morse 
(1903) more than a hundred years ago, who concluded that 
each migration seemed to have its own cause, we are left with 
the possibility that mass migrations and aggregations in 
millipedes do not have a common cause at all, but represent 
phenomena that in some locations occur on a seasonal basis 
and in others not and that are identical in their outcomes of 
bringing together masses of conspecifics, but which have 
evolved for different purposes in different millipede taxa and 
therefore need to be examined not in their entirety (unless the 
emphasis is on a bio-mathematical treatment or has a 
modelling perspective, e.g., David, 2012), but on a case-to-case 
basis. 
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